We report here the results of operation of a torsion balance with a period of ∼ 1.27 × 10 4 s. The analysis of data collected over a period of ∼115 days shows that the difference in the accelerations towards the Galactic Center of test bodies made of aluminum and quartz was (0.61 ± 1.27) × 10 −15 m s −2 . This sets a bound on the violation of the equivalence principle by forces exerted by Galactic dark matter which is expressed by the Eötvös parameter ηDM = (1.32 ± 2.68) × 10 −5 , a significant improvement upon earlier bounds.
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We have witnessed within the last year remarkable progress in testing the equivalence principle, i.e. the equivalence of gravitational mass representing the coupling of a body to the gravitational field and the inertial mass, which is inversely proportional to the resultant acceleration. As enunciated by Einstein, the equivalence principle comprises the universality of free fall requiring that in a given gravitational field all types of matter experience the same acceleration, and the condition that all non-gravitational laws of physics take on their special relativistic forms in freely-falling reference frames [1] . Indeed, as emerged from the analysis of Schiff and Dicke [2] the hypothesis of universality of free fall subsumes the second condition as well. However Einstein's principle is mute with regard to the dynamics of massive bodies possessing a significant amount of gravitational self-energy, as made clear by Nordtvedt [3] . The additional condition that even such massive bodies suffer the same acceleration as test bodies is generally called the strong equivalence principle (SEP) to contrast with the universality of free fall of test masses, which is referred to as the weak equivalence principle (WEP). Among the recent developments first by Touboul et al. [4] who reported the initial results of the MICROSCOPE space mission to test the WEP: They showed that the difference in the accelerations experienced by test bodies made of titanium and platinum in Earth's gravity differed at most by a fraction of their mean acceleration ∼ 7.9 m s −2 η (Ti, Pt) = [1 ± 9(stat.) ± 9(sys.)] × 10 −15 (1) where η is generally referred to as the Eötvös parameter.
The second important result pertains to the universality of free fall of a neutron star with a gravitational self-energy of ∼ 0.15 of its rest mass energy, M N S c 2 . This was tested by the study of the orbital motions of a neutron star in a triple star system in combination with two white dwarfs [5] . The neutron star acts as a pulsar and A. M. Archibald et al. [6] analyzed the timing observations of the pulses over a six-year period to show that the relative accelerations of the white dwarfs and a neutron star varied by no more than a fraction ∼ 2.6 × 10 −6 of their mean accelerations or η SEP ∼ 1.7 × 10 −5 . Each of these tests represents an improvement of over an order of magnitude of the earlier tests of the universality of free fall [7] , [8] , [9] . Progressive improvements of lunar ephemeris based on laser ranging and other data have established the universality of free fall of the Earth and the Moon in the gravitational field of the sun to an accuracy of (−3.8 ± 7.1) × 10 −14 [10] Focusing our attention on laboratory tests of the WEP the best earlier results were obtained by Schlamminger et al. [7] and T.A. Wagner et al. [8] of the Eöt-Wash group at University of Washington, with a rotating torsion balance having a natural period of torsional oscillations of ∼ 798 s. Their main results are η ⊕ (Be, Ti) = (0.3 ± 1.8) × 10 −13 and η ⊕ (Be, Al) = (−0.7 ± 1.3) × 10 −13 in the Earth's gravitational field, and η (Be, Ti) = (−3.1 ± 4.7) × 10 −13 and η (Be, Al) = (−5.2 ± 4.0) × 10 −13 in the gravitational field of the sun. These experiments represent measurement of differential accelerations of ∼ 3×10 −15 m s −2 at frequencies of 0.835 mHz of the turntable and its higher harmonics. This remarkable sensitivity to forces and torques, and the ease with which one can change the composition of the bob of the torsion balance makes it a particularly useful instrument not only for testing WEP but also for probing a variety of new physics beyond the standard model [11] and for conducting studies relevant to various aspects of cosmology including dark energy and dark matter [12] . In this paper we report on the performance of a prototype of a long-period torsion balance and present the initial results: These set a bound on the violation of the equivalence principle by forces exerted by dark matter of η DM (Al, SiO 2 ) = (1.32 ± 2.68) × 10 cant improvement over the previous bound. The design of the torsion balance is displayed in Fig.  1 and follows the classic design concepts developed by Dicke [13] , Braginsky [14] , and more recently by Wagner et al. [8] . The bob of the balance has a four-fold azimuthal symmetry, with four masses each of 14.33 g attached to four tines radiating from a central point forming a cross. This symmetry significantly reduces its coupling to gradients in the gravitational field. Two of the masses are circular mirrors, essentially made of quartz, mostly SiO 2 . The aluminum discs of equal mass attached at the opposite ends of the counterbalance the silica mirrors. Thus the balance bob acts as a compositional dipole with its axis directed along a line bisecting the angle between the two tines holding the quartz masses. With a tine length of 25 cm the moment of inertia of the entire assembly is 3.75 × 10 −3 kg m 2 . The suspension fiber is made of tungsten, which has very low internal dissipation or equivalently very high Q. With a diameter of ∼ 18 µm, the bob assembly weighing 72 g loads it to about 70% of its limiting strength. The quartz and aluminum masses together weigh 57.33 g and thus 75% of the mass of the bob is active and couples to any torques arising from a violation of the equivalence principle. The length of the suspension fiber is about 1.6 m leading to a torsional constant k f ∼ 9 × 10 −10 N m rad −1 and a period of torsional oscillations of ∼ 1.27 × 10 4 s, or slightly more than three and a half hours. The observations were fit well with a response function of a damped harmonic oscillator of Q ≈ 800. The fiber is attached at the top to an assembly that damps out the pendular oscillations through the dissipation of eddy currents, and also decouples the torsional deflections from tilts. This eddy-damper and the whole assembly is suspended inside a vacuum chamber maintained by a vibration-free ion pump at 7 × 10 −9 Torr. A special feedthrough (designed and built in-house) allows the angular orientation of the balance to be controlled remotely to ∼ 10 −7 radians. This feedthrough can be used for damping out the torsional oscillations of the balance, either soon after initial setup or when major seismic events disturb the balance. When the balance settles down after installation the compositional dipole axis is set to point in the E-W direction. A multi-slit autocollimating optical lever [15] views one of the mirrors of the balance reflected off another mirror mounted on a gimbal, which also helps centering the image during the initial set up. The whole apparatus is thermally insulated with a 4-inch layer of Styrofoam mounted independently without contact with the apparatus. This setup is housed inside an old ammunition bunker made of thick walls of concrete that is partially buried underground at the Tyson Research Center, a protected area outside St. Louis, Missouri. All this provides for passive thermal control and isolation from man-made disturbances. The temperature of the apparatus was monitored by six thermistors and any diurnal wave was suppressed to an amplitude below 1 milidegree Celsius.
It was pointed out some years ago by Stubbs [16] that torsion balances are useful in the study of possible WEP violations by dark matter, which exerts a gravitational acceleration of ∼ 8.4 × 10 −11 m s −2 at the location of the solar system. If the equivalence principle is violated, the gravitational field of the dark matter will couple to the compositional dipole moment of the balance bob and induce a torque on it with sidereal periodicity. In other words, this torque has exactly the same period as the rotation of the Earth and a negligible secular variation ∼ 1.7 msec per century. This precise knowledge of the phase of the torque allows us to extract the EP violating signal effectively from noise and disturbances induced by a variety of causes, which tend to have a wider frequency distribution.
In order to calculate the amplitude of the acceleration exerted by Galactic dark matter we make use of the detailed analysis of the distribution of Galactic visible and dark matter by Burch and Cowsik [17] and estimate the amplitude of the sinusoidal variation of gravitational acceleration due to Galactic dark matter as
Here V c ≈ 240kms −1 is the rotational speed of the Galaxy at the galactocentric distance of the solar system, ∼ 8.3kpc ∼ 2.56 × 10 22 cm, and the contribution of visible matter to the rotational speed is V vis ≈ 190 km s −1 . Also φ(t) and a(t) represent the azimuth and altitude of the Galactic center in horizontal coordinates at various times of the sidereal day. With these values the Galactic dark matter imposes a periodic acceleration of amplitude ≈ 8.4 × 10 −11 m s −2 . In order to calculate the time dependent product cosφ(t)cosa(t), we assume that the gravitational acceleration is directed towards the Galactic Center, represented with adequate accuracy by Sag A* with RA 17 h, 45 m, 40 s and Dec −29
• 0 28". Taking the latitude and longitude of St. Louis, MO where the experiment is conducted to be 38.5232 N and 90.1994 W we get 
where h(t) is the hour angle of the source, given by the difference between the local sideral time and the RA of Sag A*; it evolves uniformly with time due to the rotation of the Earth. Any violation of the equivalence principle will thus lead to a torque on the balance at exactly the sidereal frequency, ω * = 7.2921 × 10 −11 sin h(t) rad s −1 . In order to search for any such violation we sample the angular position of the balance twice every second with the multi-slit autocollimating optical lever [15] . The data acquisition started on December 22, 2017 and continued until June 10, 2018 . Not all these data were useful. It took about three weeks for the balance to settle down, despite continual damping of the torsional oscillations with the rotary feedthrough from which it was suspended; there were also other disturbances such as seismic events and thunderstorms. Accordingly, only the 115 days of data acquired at the end of this period were used. The data thus acquired were analyzed as follows: First the slow drift of the balance was taken out by passing it through an eighth-order high-pass Butterworth filter. Thereafter the torsional oscillations of the balance were removed with an eighth-order low-pass Butterworth filter. These filtering processes applied in tandem provide a transfer function with unit response in a broad frequency domain, 6µHz ≤ ν < 17µHz, straddling the side- real frequency, 11.606 µHz, where we expect the WEPviolating signal in the experiment. The resulting data set φ(t i ) comprising the angular orientation of the balance at intervals of 0.5 s was subdivided into segments of length ∼ 1.27 × 10 4 s, or about seven times during a sidereal day, that is with adequate sampling frequency to capture the equivalence principle violating torque. For each of these intervals we find by numerical differentiation the angular acceleration φ (t) i , which is directly proportional to the difference in accelerations of the Al and SiO 2 masses, ∆a(t) i and display this in Fig. 2 in m s −2 units. The frequency of occurrences of ∆a(t) i displayed in Fig. 2 is seen to consist of a large Gaussian peak with σ = 3.3 × 10 −14 m s −2 and a broad distribution of background events. A significant number of these background events have been identified as due to seismic disturbances caused by earthquakes. Some of these are of magnitude 4 with epicenters nearby, within a few hundred km, and some are with magnitudes greater than 6 that occurred across the globe. Accordingly, in further analysis of the data we include only those events that lie within ±2.5σ = ±8×10 −14 m s −2 of the peak and display these as filled diamonds in Fig.3 and consider those lying beyond ±2.5σ, shown as open circles, as background. 4 s is shown as filled diamonds and open circles. These symbols represent those that lie within ±2.5σ and those that lie beyond respectively (see Fig. 2 ). The oscillatory line represents a sine curve with a sidereal periodicity (see Eq. (4)). In the analysis the points beyond 2.5σ are rejected as they are contaminated by external torques.
The final step in the analysis is to estimate the magnitude of the WEP-violating acceleration towards the Galactic Center by extracting the component that is synchronous with the expected variation of the WEP-violating torque:
Here the cos ω * t i , shown as an oscillatory line in Fig. 3 , represents the time variation of the gravitational acceleration due to the Galactic dark matter at Tyson Research Center outside St..Louis, MO (latitude = 38.523245
• , longitude = 90.563094
• ) with the angular frequency of Earth's rotation, ω * = 7.1921 rad s −1 The value of the acceleration acting on the balance caused by any violation of the equivalence principle estimated as per Eq. (4) is given by
In order to estimate the uncertainty in the value of ∆a(Al − SiO 2 ), we repeated the estimate of A EP given in Eq. (4), for various values of ω s in the range (4.5 − 10.0) ×10 −5 rad s −1 that straddles the sidereal angular frequency ω * = 7.2921 × 10 −5 rad s −1 , well within a band where the filtering process has left the data unaltered to an accuracy of 98% or better. These estimates at various frequencies are displayed in Fig. 4 and root mean square deviation of these estimates with respect to the trend line is taken to represent the uncertainty by the test masses of SiO 2 and Al at frequencies close to the sidereal period is given by
Accordingly, by dividing the value A Al−SiO 2 by the expected amplitude of the gravitational acceleration due to Galactic dark matter given in Eq. 3 we estimate η DM to be
This limit is more restrictive than
−5 quoted by Wagner et al. [8] . The orientation of the composition diploe was in the E-W direction that significantly reduced its response to the long-range fields generated by dark matter.
If, on the other hand, the orientation of the dipole had been set to point in the N-S direction our bound on η DM would have been better by a factor of ∼ 0.624, that is at (0.82 ± 1.67) × 10 −5 . The E-W orientation also reduced the coupling to the solar gravitational field and using the orbital ephemeris of the Sun, we obtain η (Al − SiO 2 ) = (3.5±3.4)×10 −13 . This bound would have been better by a similar factor for the N-S orientation of the compositional dipole. Our results are similar to the earlier results of Schlamminger et. al [7] and Wagner et. al [8] η (Be − Ti) = [−3.1 ± 4.7] × 10 −13 and η (Be − Al) = [−5.2 ± 4.0] × 10 −13 . Keeping in mind the prospects of improving the sensitivities of long-period torsion balances we have investigated various aspects of our balance and the cross correlations with a variety of environmental parameters. First, we note that the eddy-current based pendular damper did not function very efficiently. Among the cross correlations the strongest was the correlation with large seismic events and a very weak correlation with ambient temperature and pressure variations. The set of six thermistors mounted on the instrument did not show a pronounced peak at the diurnal frequency down to ∼ 1 millidegree Celsius at ∼ 10 −5 Hz; the thermal insulation was sufficient for the results quoted here. The atmospheric pressure variations showed a broad feature of low amplitude around ∼ 10 −5 Hz, and the cross correlation amplitudes were very low. As the frequency of the WEPviolating sidereal torque is highly stable to 1-2 parts in 10 4 , its effects can be extracted from a broad distribution of background induced by pressure and other variations. Keeping in mind that the instrument is a prototype and its preliminary operations achieved improved results on the Eötvös parameter η DM , long-period torsion balances hold much promise for future experiments.
